Damavand volcano, located in northern Iran, is a large (Ͼ400 km 3 ) composite cone that is currently dormant; it shows fumarolic activity near the summit but no evidence of eruption in the past 1000 yr. The volcano represents an isolated focus of magmatism of uncertain tectonic affinity, although geophysical and geochemical constraints point toward a local hotspot/plume origin, possibly associated with lithospheric delamination, rather than any association with subduction. New (U-Th)/He and 40 Ar/ 39 Ar geochronological constraints indicate that the present cone (Young Damavand) has been constructed over ϳ600 k.y. on an older, eroded edifice of indistinguishable composition (younger than 1.8 Ma). Damavand activity has been characterized by the eruption of radially directed trachyandesite lava flows, almost exclusively from † E-mail: j.p.davidson@durham.ac.uk. summit vents. Limited pyroclastic activity has yielded thin fallout pumice lapilli layers and a few pyroclastic flows. Only one significant pyroclastic event is recognized in the remnants of a welded ignimbrite, ponded and preserved along the Haraz River drainage.
INTRODUCTION
Damavand volcano is the highest peak in the Middle East; its elevation is 5670 m above sea level. It is a large intraplate composite cone representing an accumulation of more than 400 km 3 of trachyandesite lavas and pyroclastic material overlying the active foldand-thrust belt of the Alborz Mountains, the range that fringes the southern Caspian Sea (Fig. 1) . A preliminary study of the volcano was carried out by Allenbach (1966) that provided a general overview of the geology and nature of the volcanic rocks, and a brief summary of geochemical characters of Damavand volcano was published by Mehdizadeh et al. (2002) . This paper presents a summary of our field observations together with an agecalibrated stratigraphic framework of the volcanic and volcaniclastic rocks in order to understand the nature of volcanic activity and the THE GEOLOGY OF DAMAVAND VOLCANO, ALBORZ MOUNTAINS, NORTHERN IRAN time scales over which activity occurred We also present geochemical data that bear on the origin of magmatism and differentiation processes occurring at the volcano.
REGIONAL GEOLOGY
The Alborz Mountains constitute an active, arcuate fold-and-thrust belt (Stocklin 1974 (Stocklin , 1977 Axen et al., 2001) . Seismic data suggest that the belt is being compressed and consequently uplifted against the relatively stable block underlying the southern Caspian Sea. This block, in turn, may represent a trapped remnant of Tethyan oceanic lithosphere (Berberian, 1983) .
Despite average elevations of Ͼ2000 m, the crustal thickness beneath the Alborz Mountains calculated on the basis of gravity data is currently Ͻ35 km (Dehghani and Makris, 1984) . The central Iranian plateau and the Alborz Mountains may have been overthickened crust following end-Tethyan tectonics (Dilek and Moores, 1999) but are now both largely underlain by anomalously low-density upper mantle (Kadinsky-Cade et al., 1981; Toksoz and Bird, 1977) . From seismology, geothermal and volcanic activity, and uplift rates, Hassanzadeh (1994) has inferred that the asthenosphere must be shallower than normal in the central Iranian plateau region. Jung et al. (1976) suggested that Damavand volcano is related to a recent (as yet unidentified) subduction zone located to the southsouthwest and that magmas were generated at ϳ250 km depth above a north-dipping slab. A modification of this hypothesis (Brousse et al., 1977 ) related magmatism to a slab that had detached from the Zagros continental block. Priestley et al. (1994) suggested that underthrusting of the Caspian Sea block from the north may represent recent initiation of subduction. However, current subduction beneath Damavand volcano is not supported by seismic data, and no surface expression of an associated trench or suture has been identified. Subduction appears to have ceased here in the late Neogene (e.g., Dewey and Ş engör, 1979) . Key tectonically discriminant geochemical data such as Nb concentrations and Hf-Th-Ta ratios (presented below) lend little support for a subduction-zone origin. Magmatism is therefore thought to be related to intraplate processes, most likely a local upwelling, leading to decompression melting.
The immediate basement to Damavand volcano in the Alborz Mountains is a folded and thrust-faulted passive-margin sedimentary sequence of carbonate, siliciclastic, and volcanic rocks. The sequence ranges in age from Cambrian to Eocene. Jurassic passive-margin deposits are represented by the clastic (sandstone-shale) Shemshak Formation, and the Lar and Delichi carbonates. The Eocene Karadj Formation comprises tuffs, largely submarine (and altered to exhibit a distinctive green color) and suggestive of the onset of active continental-margin magmatism. The structural fabric of faults and fold axes is oriented largely east-west, parallel to the Alborz Mountains (Fig. 1) .
A series of small olivine basalt flows in the Damavand region (Fig. 1 ) signifies at least limited magmatism prior to the most recent volcanism localized at Damavand volcano. These basalts are petrographically and geochemically distinct from the Damavand trachyandesites (Pandamouz, 1998; Davidson et al., 2000) .
FIELD GEOLOGY, PETROLOGY, AND STRATIGRAPHY OF DAMAVAND VOLCANO

General Morphology of the Edifice
The current cone of Damavand volcano ( Fig. 1) , informally termed ''Young Damavand'' rests upon an eroded apron of earlier deposits related to the eruption of ''Old Damavand.'' There is no distinction in either the mineral assemblages or compositions of rocks from the two phases, and a broadly continuous history of magmatism at this location over the past 1 m.y. or longer is envisaged. However, an unconformity between the two series of lavas is observed in Gazaneh Canyon on the northeast flanks ( Fig. 2A) . The attitude of the lower lavas, which dip toward the current cone, is suggestive of an earlier center located slightly to the north and east of the current cone. This interpretation is also consistent with the morphology of the volcanic deposits in the northern part of the area (Fig. 2B ). Sardobitch, an arcuate ridge of lavas (dipping gently northward), was interpreted by Allenbach (1966) as a caldera wall. However, no pyroclastic deposits have been found that might correlate with a caldera-forming event of this age and magnitude. This ridge is more likely to be the deeply eroded remnant flanks of Old Damavand, and the southern flanks are buried beneath the current cone, represented by the lower lavas in Figure 2A . Erosion may have been accelerated by the vulnerability of hydrothermally altered rocks in the interior of Old Damavand, vestiges of which are seen high on the ridge above Gazaneh Canyon, as well as the relatively high elevation of the edifice. A thick sequence of volcaniclastic rocks, comprising mainly alluvium and lahars, occupies the Hadjidella valley to the north of the current cone (Figs. 1, 2B) . Excavation of the interior of the old cone transported material eastward into the Haraz drainage; the Haraz River then carried the sediment northward to the Caspian Sea.
The geomorphology of the Young Damavand edifice may similarly support the suggestion that there has been a slight but significant shift in the locus of the main eruptive vent; flows become apparently progressively younger toward the south and west. Only one significant satellite vent has been identified, a young dome-flow complex on the southern flank (Fig. 1A) , although there may be additional small dome complexes such as one found high on the northeast flanks near the climbers' shelter. The flows on the eastern flanks are morphologically subdued and include significant inliers of sedimentary basement at relatively high elevation. In the northeastern sector of the cone in particular, few distinct individual flows can be identified.
The uppermost part of the young cone is steep, and small-volume trachyandesite flows are radially disposed about the present summit region (Fig. 1) . The summit crater is filled with nieve penitents-ice pinnacles thought to be formed by sublimation and redeposition due to solar radiation in an arid climate. Two small glaciers, which have retreated even since 1930, are recognized in the summit region and are the remnants of more extensive glaciers that existed in the Pleistocene (Ferrigno, 1991) . The steepest flanks of the volcano are along the western side and are formed almost exclusively of young lava flows. Morphologically, these flows exhibit distinct flow levees and commonly blocky top surfaces that have not been affected by glaciation.
Pyroclastic rocks are subordinate to lavas. With the exception of a significant ignimbrite deposit found along the Haraz Valley, pyroclastic deposits are mainly fallout deposits and are found on-or near-the present surface of the edifice. The deposits have typically been reworked into swales and depressions, which has given rise to common clast rounding and fluvial sedimentary structures such as crossbedding and channeling. In quarries where the incipiently reworked pumice deposits are several meters thick, large black and gray and banded pumice clasts are found. The bands have the same composition; the striking color difference is merely a function of degree of vesicularity between a gray, highly vesicular pumice and a dark, less vesicular pumice. On the southwest flanks, a series of thin pyroclastic flows and falls are exposed. None of these is welded, although some consolidation of the flows may be due to vapor-phase alteration. The deposits are invariably incipiently reworked. 
N
Petrography and Geochemistry
Over 100 samples have been analyzed for major and trace element contents (many additionally for isotope ratios). All are trachyandesites, varying in SiO 2 content only between 57% and 64% (Table 1 and Fig. 3 ). There are no significant differences in composition between rocks from Old and Young Damavand. The compositions of all pyroclastic rocks sampled are indistinguishable from those of the associated lavas (with the exception of a small inter-lava tephra layer-DMV117-in the canyon below Hadjidella, which may be from an unidentified external source; Fig. 3A) . Furthermore, there are no significant differences in mineral assemblages among the rocks. A disequilibrium assemblage of ternary feldspar ϩ clinopyroxene ϩ apatite ϩ oxide Ϯ biotite Ϯ amphibole is found in all samples. Apatites are large-up to 5 mm-and typically euhedral. Feldspars are commonly resorbed and riddled with melt inclusions, whereas hydrous minerals are rimmed by or replaced with opacite.
Geochemical data from Damavand trachyandesites indicate an association with intraplate magmatic suites. On a Ti/Y vs. Nb/Y discriminant diagram (Fig. 4A) , Damavand trachyandesites fall close to the within-plate basalt field and do not overlap with the field for volcanic arc rocks, whereas in the Hf-ThTa triangular discriminant diagram (Fig. 4B) , the trachyandesites fall between the two fields. Tectonic-environment discriminant diagrams are strictly only valid for primitive rocks, and the Damavand rocks are highly differentiated. Low Y contents and high Th contents are likely due to crustal contamination and concomitant fractionation of amphibole and apatitesuch differentiation processes cause the Damavand rocks to plot in rather equivocal areas of the discriminant diagrams. Fractionation of observed phases such as magnetite and apatite can create considerable scatter in trace element characteristics. Fractionation vectors (Fig. 4A) suggest that parental magmas probably had lower Nb/Y ratios, while providing little constraint on parental Ti/Y ratios. Basalts from the region, which might represent parental magmas, do have lower Nb/Y ratios and plot closer to the ''within-plate '' fields (Figs. 4A and 4B) .
Damavand trachyandesites have much high- Note: Major and trace element analyses by XRF (X-ray fluorescence; courtesy of R. Arculus, Australian National University), trace element data in italics by ICP-MS (inductively coupled plasma-mass spectrometry; courtesy of C. Neal, University of Notre Dame). Sample locations in Fig. 1 , approximate ages-details in Table 2 .
er Nb contents (k40 ppm) than might be expected of subduction-related magmas, which clearly distinguishes them from similarly differentiated continental volcanic arc rocks (Fig.  4C ). The Damavand trace element signature is broadly similar to that of intraplate trachytes from Sudan (Jebel Marra); differences in Sr and HREEs (heavy rare earth elements) reflect the relative importance of fractionating feldspar and amphibole, respectively (Fig. 4C ). The absence of trace element indicators of a subduction origin seems to confirm general tectonic and geophysical evidence presented above that active subduction has not affected the Alborz Mountains since at least 1 Ma.
The apparent geochemical intraplate affinity is not obviously associated with a significant plume. Other than Damavand volcano, there is very limited magmatism in the region, and no reported regional doming. An alternative is that Damavand volcano represents a local hotspot formed by decompression melting of rising asthenosphere in response to complementary lithospheric delamination (e.g., Pearce et al., 1990) . The occurrence of delamination is consistent with the ''normal'' crustal thicknesses (ϳ30 km; Dehghani and Makris, 1984) associated with the elevated Alborz Mountains, which suggests that the crust is supported dynamically. However, the geochemistry, especially the isotopic compositions (Young et al., 1998) , cannot be produced by simple asthenospheric melting without additional contributions from an incompatible element-enriched reservoir, most likely the lithosphere.
At Damavand volcano there are no distinctive compositions or apparent trends through time in major trace or isotopic compositions that can be used for correlative purposes. Thus chemical stratigraphic methods that have been used successfully elsewhere (e.g., Singer et al., 1997; Wörner et al., 1988) have not proved useful.
Stratigraphy Along the Haraz River Drainage
The Haraz River drainage, located along the eastern side of Damavand volcano ( Fig. 1) , plays a fundamental role in modulating the topography of the volcano. The drainage is one of a few major south-to-north-flowing systems that cross the Alborz Mountains and flow into the Caspian Sea. In the southern part of the area toward Poloor, deposits in the lower part of the volcanic succession attest to episodes of damming of the drainage due to lava flows from the volcano or as a consequence of landslides from the steep valley walls. The current drainage system reflects such activity; between field seasons in 1997 and 1998, collapse of a perched travertine terrace southeast of Ask led to the development of a small dam and lake along the river, and a cascade over the collapse debris is currently reincising the river's channel. Similarly, aggradation in a small basin has been caused by damming of the Lassem River tributary southwest of the volcano, in which minor stream braiding has developed.
In the Haraz drainage, paleo-river terraces define episodes of fluvial sedimentation alternating with mass flows (lava flows, debris flows, etc.) from the topographically high volcano to the west. These volcaniclastic deposits are exposed almost entirely only in canyon walls on the west side of the river or in the valleys of tributaries along the western flanks of the volcano, suggesting that the drainage has shifted eastward through time to accommodate the expanding footprint of the volcano through a complex interplay of volcanic deposition and erosional processes. Summary stratigraphic logs are provided in Figure 5 , following detailed work by Berzins (2001 volcano, convex toward the east, may support the interpretation of an eastward-shifting drainage (Fig. 1) .
The effect of mass flows on the drainage is exemplified by the stratigraphic relationships around Ask Gorge (Figs. 5, 6A ). The Ask Gorge is formed where the Haraz River has cut a gorge through a ridge of resistant Lar Limestone. The current valley has been displaced from an earlier course farther to the west by a thick, canyon-filling trachyandesite (the ''lava flow'' of Fig. 6A ). The Ask Gorge separates distinct volcaniclastic facies along the Haraz drainage; older units lie to the south. Pronounced erosion of volcaniclastic deposits and lateral channel migration has taken place in many additional places along the Haraz River drainage (Fig. 6B ).
Stratigraphy South of the Ask Gorge
To the south of the Ask Gorge are found the oldest sedimentary deposits, largely fluvial sediments, which are intercalated with olivine basalt flows near the village of Poloor. The sediments, informally referred to as the ''Poloor formation,'' are uniformly light cream colored to green, relatively fine grained, and well bedded. The green color is largely a reflection of incorporation of eroded debris from green tuffs of the Eocene Karadj Formation. Much of the sediment comprises fine-grained, reworked pumice and ash, compositionally similar to the main Damavand cone. When compared with the sediments exposed immediately to the north of Ask Gorge, the sediments of the Poloor formation contain a far higher proportion of basement material and are more strongly fluvially reworked.
The olivine basalts are small in volume and local in distribution; they fill channels and valleys cut into the Poloor formation deposits (Pandamouz, 1998) . They therefore now occur as remnants inset against valley walls along the main drainage, stratigraphically overlying at least some of these sediments. They were likely erupted from local cinder cones, although the locations of these sources are now obscure. Additional small outcrops of olivine basalt occur in the general area to the east of the map area of Figure 1A , and it is likely that these are related to those in the Poloor area. Damavand lavas overlie the basalts, although trachyandesite and pumice clasts, with typical Damavand chemical compositions, in the sediments indicate that the earliest trachyandesite activity was penecontemporaneous with the olivine basalts.
Stratigraphy North of the Ask Gorge
The key stratigraphic sections at Ask, Abe-Gahrm, Gazaneh, and Hadjidella (Fig. 5) are all distinctly different from the Poloor formation; they comprise principally coarsegrained fluvial to hyperconcentrated flow deposits. We have informally divided these volcaniclastic successions into the older ''Hadjidella formation,'' represented in all four key sections, and the younger ''Ask formation,'' represented only in the three southern key sections. The general variation within the succession is from deposits dominated by hyperconcentrated or debris flows into those dominated by fluvial deposits. This variation is observed both up section at Hadjidella and laterally from Hadjidella southward to Ask.
The abundance of Mesozoic basement clasts, although never large, decreases up section. Hydrothermally altered volcanic clasts similarly decrease in abundance up-section. Pumice-rich horizons are rare, discontinuous, and reworked, so they do not form good chronostratigraphic horizons. Intercalated roughly between the two formations are at least two marker horizons (Fig. 5) , an ignimbrite (the Ask Ignimbrite) and a debris avalanche deposit (the Vahna debris avalanche).
The Vahna debris avalanche is best exposed along the Haraz River valley near Vahna (Fig.  1) , where it forms a cliff ϳ60 m in height directly overlying basement rocks. The deposit itself, where well preserved, comprises a classic jigsaw breccia of trachyandesite. However, the deposit is only exposed in sections intercalated between volcaniclastic deposits, so no hummocky top surface (as would typically be used to identify debris avalanche deposits) is seen. The Vahna debris avalanche can be traced south along the Haraz River valley until it ends at the north side of Ab-eGahrm Valley. Stratigraphically above the Vahna debris avalanche are a series of fluvial sediments that are, in turn, overlain by the Ask Ignimbrite, which is dated at ca. 280 ka (Tables 2 and 3).
The Ask Ignimbrite (Fig. 5) is moderately welded and columnar-jointed toward its base in its thickest parts (up to 100 m just north of Ask) and may have erupted from the location of the current cone-although it is currently found only in the Haraz drainage. The fact that we have found no caldera-like structures that might represent a source for the deposit suggests that its vent (or vents) is (are) buried beneath deposits of Young Damavand, which have accumulated a significant edifice in the past 280 k.y. The lithic content of the ignimbrite is variable and includes altered trachyandesite and basement rocks. Extrapolation of typical thicknesses over the area of the Haraz River valley occupied by the Ask Ignimbrite gives a minimum original volume of a few cubic kilometers, although estimates are poor owing to ponding and subsequent extensive erosion. Intense welding in places probably results from the rather alkaline composition of the magma compared with calc-alkaline rhyolitic magmas (e.g., Schmincke, 1974; Wolff and Wright, 1981) .
GEOCHRONOLOGY
There are no historical records of eruption of Damavand volcano. At present there are active fumaroles and sulfur encrustations in the summit region that attest to an extant heat source. The scarcity of distinct, laterally extensive chronostratigraphic marker horizons and the petrographic and chemical similarity of the lavas (Fig. 3) have impeded attempts to establish a calibrated rock succession.
The eruptive history of the Damavand volcanic edifice can be quantified, however, by using radioisotope dating methods. Carbon dates of ca. 38 ka are reported from lake terraces formed as a consequence of the natural damming of the Lar River by lavas from the southwestern flank of the volcano (Allenbach, 1966) . However, searches for datable charcoal samples beneath the more recent flows were unsuccessful, probably a consequence of the lack of substantial vegetation in the arid climate of the central Alborz Mountains. We therefore employed Ar/Ar and (U-Th)/He isotope dating methods to determine the ages of key eruptions. Ar geochronology performed at Lamont Doherty yielded data presented in Table 2 and Table 2 . From this it is clear that, for many samples, the isochron and plateau ages obtained from the same sample are not in agreement. On some samples where biotite was analyzed in addition to feldspar (DMV51 and DMV13), the two minerals give different ages. Samples such as DMV108-for which plateau and isochron ages are identical, the isochron MSWD (mean square of weighted deviates) is low, and the initial argon isotope composition is atmospheric-are the exception. Consequently, each analysis needed individual scrutiny in order to pick the ''best'' age, by using criteria such as plateau shape, release spectrum, and isochron MSWD. These ''preferred ages'' are indicated in boldface in Table 2 .
The criteria used to determine the most reliable 40 Ar/ 39 Ar age deserve some explanation. Twelve samples were selected for 40 Ar/ 39 Ar step-heating measurements. The step-heating release spectra are typically discordant, displaying a subtle to pronounced saddle shape, indicative of excess Ar. When the isotope results are cast upon an isotope correlation diagram, the results indicate that the DMV samples generally have initial 40 Ar/ 36 Ar ratios greater than that of atmospheric Ar (295), in- dicating an excess 40 Ar component. Specifically, in all but two samples, the isochron data for the DMV samples indicate an initial 40 Ar/ 36 Ar ratio of ϳ300 or greater. Thus, in most cases, the isochron age is the preferred age estimate for the measured samples. The effect of the excess Ar component is most profound on the younger feldspar samples.
By means of an example, the step-heating spectrum for sample 97-DVM-17 is shown in Figure 8 . The spectrum is discordant and has a distinct saddle shape. A plateau age of 65.6 Ϯ 1.4 ka is defined, however, by six consecutive steps, from 675 to 950 ЊC, comprising ϳ70% of the total released 39 Ar. The integrated total-fusion age is 84 Ϯ 2 ka, older than the plateau age by ca. 18 ka. These ages are discordant at the 95% confidence level. All the step-heating data except the highesttemperature step (1300 ЊC-dark diagonally ruled pattern in Fig. 8A) Ar ratio corresponding to an age of 60.0 Ϯ 1.7 ka and are used to determine the isochron age. Starting with the lowesttemperature step (600 ЊC), each increasing temperature step moves down and to the right along a mixing line until the 800 ЊC step. Subsequently, each increasing temperature step then moves back up and to the left, along the same mixing line until the 1200 ЊC step. The plateau age of 65.6 Ϯ 1.4 ka is analytically indistinguishable from the isochron age (60.0 Ϯ 1.7 ka) at the 95% confidence level. The 40 Ar/ 36 Ar init ratio of 301 Ϯ 1.2, however, is analytically distinguishable from atmospheric Ar; thus the isochron age is the analytically more correct age and is the preferred age estimate for this sample.
Note that the choice of most reliable Ar-Ar ages shown in Table 2 was independent of, and without knowledge of, the (U-Th)/He ages from apatites from the same samples, which are discussed below. In light of this fact, the general agreement between the two methods is good (Fig. 7B) .
Apatite (U-Th)/He Dating
The ubiquitous presence of large apatite phenocrysts in Damavand trachyandesites has led us to attempt to date these apatite-bearing lavas by using (U-Th)/He geochronometry (e.g., Zeitler et al., 1987; Lippolt et al., 1994; Wolf et al., 1996; House et al., 1997; Farley, 2000; Stockli et al., 2000; Farley et al., 2000) .
(U-Th)/He dating of apatite is based on the decay of 235 U, 238 U, and 232 Th by alpha ( 4 He nucleus) emission. Experimental observations on Durango apatite suggest a (U-Th)/He closure temperature of ϳ70 ЊC in apatite with a radius of ϳ80-90 m. He diffusivity appears to correlate with the physical dimensions of the apatite crystal, indicating that the diffusion domain is the grain itself. Thus, grain size has a small effect on the closure temperature (Farley, 2000) , as He diffusivity decreases with increasing grain size. Given the very large radius of analyzed Damavand apatite phenocrysts (ϳ250-350 m), the effective closure temperature (under the assumption of simple volume diffusion and a single domain size) is ϳ100 ЊC.
(U-Th)/He dating has been successfully employed to date tephras younger than 1 Ma . The Damavand dating is of particular interest as (1) apatites have been successfully dated with good precision and reproducibility (Table 3) down to ages as young as 7000 yr and (2) Farley et al. (1996) ; r-apatite crystal radius; n-number of analyses. ‡ Sample is stratigraphically part of Old Damavand. Age probably represents resetting of (U-Th)-He systematics by Young Damavand activity.
can be checked against 40 Ar/ 39 Ar ages on many of the same samples, with generally good agreement.
Apatite (U-Th)/He ages are given in Table  3 , and sample locations in Figure 1 . Samples were collected away from the tops of individual lava flows to avoid thermal resetting of the apatite (U-Th)/He clocks during the subsequent emplacement of younger trachyandesite flows. All reported ages are weighted mean averages of two to four individual analyses that are reproducible to better than 1%. Ages are calculated by assuming secular equilibrium. Error in this assumption might affect ages derived from the youngest Damavand flows, but should not affect samples older than 100 ka, which is corroborated by the agreement of (U-Th)/He and 40 Ar/ 39 Ar analyses (Fig. 7B) .
DISCUSSION AND INTERPRETATION
Volcanism began at least 1.8 m.y. ago at Damavand volcano, although evidence for significant activity is not preserved until ca. 1.2 Ma. The data suggest three periods of significant eruptive activity-ca. 1.2 Ma to 800 ka, ca. 280 ka to 150 ka, and ca. 60 ka to 7 ka (Fig. 7A )-although whether these ages are distinct periods of major activity, or simply the result of preservational/sampling bias, remains unclear. Major rearrangements of magma systems in stratovolcanoes are typically accompanied by distinct changes in the compositions of the erupted products (e.g., Singer et al., 1997) . At Damavand volcano, the compositions of materials erupted are remarkably homogeneous over Ͼ1 m.y. (Fig. 3) . Furthermore, the lack of very abrupt changes in the character of the volcaniclastic sediments in the Haraz drainage, even at horizons marking significant events in the history of the volcano such as the ignimbrite eruption and the sector collapse, suggests that there may have been no protracted (Ͼ500 k.y.) period of dormancy/extinction. The distinction between the Old and Young cones is therefore based largely on the unconformable relationships in Gazaneh Canyon ( Fig. 2A) Ar age of DMV108 is the best behaved of all the analyzed samples, it would appear that the apatite age of DMV108 is too old.
Activity from ca. 600 ka to 150 ka
Activity at Young Damavand probably began at ca. 500-600 ka. The flow that yielded sample DMV147, dated as 445 ka, underlies the Ask formation to the south of Ask and is succeeded by a thick succession of trachyandesites that are capped by a flow at 60 ka (DMV17). The breccia yielding sample DMV309 (550 ka) is stratigraphically part of Old Damavand, and we suggest that the (UTh)/He age has been thermally reset by its proximity to the vent region of Young Damavand. This interpretation means that the oldest record of activity from the young cone dates to ca. 550 ka and that the unconformity between the two edifices occupies the gap in activity between this age and ca. 800 ka.
The Ask Ignimbrite (DMV13; 280 ka) does provide a useful reference marker horizon in sections along the Haraz River valley, where it can be confidently traced for some 20 km northward from Ask Gorge. The Vahna debris avalanche is also found in several places along the Haraz River, where it clearly underlies the Ask Ignimbrite, despite younger (U-Th)/He ages, which must accordingly be in error (Fig.  7A ). Ignimbrite and debris avalanche deposits are found in the Hadjidella region, although the relationship between them is more ambig- Ar/ 39 Ar ratio corresponding to an age of 60.0 ؎ 1.7 ka. The samples were analyzed by using a double-vacuum resistance furnace at Lamont-Doherty. Typical procedural banks for this system (both the room temperature and at 1000 ؇C blank, respectively) are as follows: 40 Ar: 3.0-3.6 ؋ 10 ؊14 cm 3 (all volumes at STP [standard temperature and pressure]). Gas yields for samples are typically 50 or more times larger than the procedural blanks.
uous as the outcrops are separated. To the east of Hadjidella, in sections topographically high above the Haraz River, we have found restricted erosional remnants of an unwelded ignimbrite that appears to be the same as the Ask Ignimbrite, or at least temporally related (DMV312; 264.2 Ϯ 17.9 ka, Table 3 ). A debris avalanche is found toward the top of the section at Hadjidella; the possibilities are that there may be two (or more) sector-collapse events of different ages or that the ignimbrite near Hadjidella is not equivalent to the Ask Ignimbrite. Dating of a pumice unit that occurs below the debris avalanche deposit at Hadjidella (DMV335; 224.8 Ϯ 6.7 ka, Table 3) suggests that it is not the stratigraphic equivalent of the Vahna debris avalanche, but rather a distinct, younger deposit. The Hadjidella section is capped by trachyandesite flow DMV116 (Fig. 2B ) dated at ca. 170 ka by 40 Ar/ 39 Ar (25 k.y. older by (U-Th)/He). The Hadjidella formation (including the debris avalanche) must therefore be older than 170 k.y. An age of ca. 170-180 ka also corresponds to the widely distributed pumice deposits on the upper flanks of the volcano (DMV19G). These appear to be age-correlative with the small pyroclastic flows of the southwest flank (DMV39).
Activity from ca. 60 ka to 7 ka
A protracted period of eruptions on the southern flank is bracketed by DMV17 (ca. 60 ka) and the (ca. 25 ka) thick flows (DMV07 and DMV12) that appear to have filled in the Haraz River valley in places. An 40 Ar/
39
Ar age of 26 ka was also obtained for DMV51, the satellite center on the south flank. Although preserving some youthful morphological characteristics such as flow levees, all of the south flank lavas are clearly (by virtue of more extensive degradation and vegetation cover) older than the Holocene flows of the western flanks. A ca. 7.3 ka eruption (DMV34 and DMV126S) on the western side of Damavand volcano forms the morphologically youngest flows that still preserve flow-top breccias and distinct flow levees. The Ar age (plateau or isochron) for DMV34 is considerably older (older than 20 ka) and difficult to reconcile with the morphology and lack of glaciation. (Fig. 9) The earliest eruptions of Damavand volcano began at ca. 1.8 Ma. This may not have been an extensive eruptive period, or there may have been a long period of dormancy that allowed erosion of erupted material to occur. In the Poloor region, olivine basalt flows were erupted from local cinder cones. The precise age of these olivine basalt flows is unknown, although they infill canyons cut into the Poloor formation sediments, which, in turn, were deposited over the period of at least 1776-812 ka (Table 3 ). The valley-filling distribution of the basalts indicates that a drainage system ancestral to the current Haraz River existed at the time.
History of the Damavand Region
At ca. 1.1-0.8 Ma, a large trachyandesite volcano, broadly similar to the modern cone, existed (Fig. 9A) . The vent region lay just to the northeast of the present summit and is currently exposed in the head of Gazaneh Canyon. The northern flank of this volcano is preserved as the arcuate ridge of Sardobitch, but clasts thought to be related to Old Damavand are present as far southeast as Poloor.
A period of extensive erosion exhumed Old Damavand and transported volcaniclastic debris into the Haraz drainage and beyond to the Caspian Sea (Fig. 9B) . Remnant deposits are exposed in the Haraz drainage and in the broad eroded swale between Sardobitch and the current cone (Hadjidella region). The last Old Damavand eruptions probably occurred at ca. 800 ka, allowing for ϳ300,000 yr of erosion.
Young Damavand has been active since at least 500 ka. ''Older flows'' from this period (DMV147 at ca. 446 ka) are overlain by the Ask formation and cap the Hadjidella formation (DMV 116 at ca. 195 ka). The Ask Ignimbrite was erupted into the Haraz drainage at ca. 250 ka. A relatively large-scale pyroclastic eruption (represented by DMV19G) occurred at ca. 178 ka, and the corresponding (commonly reworked) fallout deposits overlie many of the older lava flows (Fig. 9C) .
Younger flows (younger than 100 ka) are clearly associated with the morphology of the present cone. The radially disposed young flows are concentrated on the steep western flanks, perhaps obstructed to the east by the vestiges of the old cone that still presented a topographic barrier. The only significant satellite vent found erupted during this period (26 ka). The most recent eruptive episode dated occurred at 7300 yr B.P., forming small, morphologically young (unglaciated and unvegetated) flows on the western flanks of the current cone (Fig. 9D) .
It is possible that the Haraz River drainage became more accentuated only recently. The extensive down-valley traces of individual fluvial or lahar deposits are more consistent with deposition on a broad flat-bottomed valley rather than in a steep-sided gorge such as seen today. Furthermore, the fluvial deposits in the Ask formation, which overlie the Ask Ignimbrite and are therefore younger than 250 ka, requires downcutting at a minimum rate of ϳ1 km/m.y. Remnant terraces 200-500 m above the current valley floor may also signify recent rejuvenation.
CONCLUSIONS
1. The cone comprises Ͼ400 km 3 of rather uniform porphyritic trachyandesites, which share broadly intraplate trace element characteristics with small-volume alkali olivine basalts found in the region. Magmatism may be due to decompression melting in response to lithospheric delamination beneath the Alborz Mountains.
2. 40 Ar/ 39 Ar (feldspar or biotite) and (U-Th)/ He (apatite) dates agree well with each other and define an overall protracted range of volcanic activity from 1.8 Ma to 7 ka. The current cone (Young Damavand; lies slightly south of the eroded remnants of the Old Damavand cone (ca. 1780-800 ka).
3. Volcanic activity consisted principally of relatively small volume individual effusive eruptions from strongly localized (summit) vents; these eruptions were punctuated by occasional pyroclastic eruptions that generated fall or flow deposits compositionally identical to the lavas. Valley-filling remnants of an originally extensive ignimbrite (the Ask Ignimbrite; 280 ka) and a debris avalanche (the Vahna debris avalanche; lying below the Ask THE GEOLOGY OF DAMAVAND VOLCANO, ALBORZ MOUNTAINS, NORTHERN IRAN Ignimbrite) are the only significant lithologic markers of major events at the volcano.
4. Preserved volcaniclastic deposits provide a more complete record of volcano history than the volcanic rocks of the current edifice. Nevertheless, even the extensive volcaniclastic successions encountered in major drainages are incomplete as a result of rapid erosion and reworking. A more complete record of volcanogenic material may be preserved in the ultimate sink of local sedimentary systems, the Caspian Sea Basin.
